Since the Sun-Earth libration points L1 and L2 are regarded as ideal locations for space science missions and candidate gateways for future crewed interplanetary missions, capturing near-Earth asteroids (NEAs) around the Sun-Earth L1/L2 points has generated significant interest. Therefore, this paper proposes the concept of coupling together a flyby of the Earth and then capturing small NEAs onto Sun-Earth L1/L2 periodic orbits. In this capture strategy, the Sun-Earth circular restricted three-body problem (CRTBP) is used to calculate target Lypaunov orbits and their invariant manifolds. A periapsis map is then employed to determine the required perigee of the Earth flyby. Moreover, depending on the perigee distance of the flyby, Earth flybys with and without aerobraking are investigated to design a transfer trajectory capturing a small NEA from its initial orbit to the stable manifolds associated with Sun-Earth L1/L2 periodic orbits. Finally, a global optimization is carried out, based on a detailed design procedure for NEA capture using an Earth flyby. Results show that the NEA capture strategies using an Earth flyby with and without aerobraking both have the potential to be of lower cost in terms of energy requirements than a direct NEA capture strategy without the Earth flyby. Moreover, NEA capture with an Earth flyby also has the potential for a shorter flight time compared to the NEA capture strategy without the Earth flyby.
Introduction
Near-Earth Asteroids (NEAs) can in principle provide useful resources in terms of feedstock for spacecraft propellant, crew logistic support and a range of useful metals (Sonter, 1997) . The exploitation of these in-situ resources has long been proposed as a necessary part of long-term space development (Lewis and Hutson, 1993; Bottke, 2002; . Therefore, the idea of capturing NEAs, based on current technology, for scientific and potentially commercial purposes, has been studied in recent work (Hasnain et al., 2012; Lladó et al., 2014; Sánchez and Yárnoz, 2016) . In these works, the Sun-Earth collinear libration points L1 and L2 repeatedly appear as ideal locations for captured NEAs Lladó et al., 2014; Sánchez and Yárnoz, 2016) .
The Sun-Earth L1 and L2 points are so noteworthy due to their unique locations and dynamical characteristics. The Sun-Earth L1 point is an ideal position for scientific observations of the Sun-Earth system, such as monitoring the solar wind. Similarly, the Sun-Earth L2 point is also a useful location for space-based observatories and is regarded as a staging node for interplanetary missions to NEAs and Mars (Farquhar et al., 2004) .
Overall, the Sun-Earth L1 and L2 points represent potentially beneficial gateways for future interplanetary missions (Zimmer, 2013) . Periodic orbits around these collinear libration points have an unstable behaviour and will consequently diverge under a small perturbation. The trajectories generated from a periodic orbit under such perturbations are the invariant manifolds associated with the periodic orbit. Hence, such periodic orbits and their associated invariant manifolds can be employed to investigate low-cost transfer trajectories between different orbits (Lo and Parker, 2004; Davis et al., 2011; Xu et al., 2012) . After a spacecraft moves onto the stable manifold of a libration point orbit (LPO), it will transfer to the target periodic orbit without any further manoeuvres. Meanwhile, such dynamical characteristics have been widely used in various trajectory design problems, including transfers between LPOs within the circular restricted three-body problem (CRTBP) of the Sun-Earth system (Davis et al., 2010; Xu et al., 2012) .
Furthermore, invariant manifolds are also proposed as a basic design strategy to calculate connections between different dynamical systems, such as low energy transfers between the Earth-Moon CRTBP and Sun-Earth CRTBP (Koon et al., 2000; Koon et al., 2001; Howell and Kakoi, 2006; Koon et al., 2011; Lei and Xu, 2016) . In these studies, transfers between two different three-body systems can be modelled by patching together invariant manifold tubes from each system. Usually a manoeuvre at or near the patching point is needed to move the spacecraft from one manifold tube to the other.
Following the interest in capturing NEAs onto Sun-Earth LPOs, continuous-thrust propulsion has been considered to capture NEAs to LPOs around the Sun-Earth L2 point (Lladó et al., 2014) . Meanwhile, a family of Easily Retrievable Objects (EROs) has been defined, corresponding to a subset of NEAs which are captured onto the Sun-Earth L1 or L2 periodic orbits with a total cost below 500 m/s . Accordingly, the list of EROs have been updated (Sánchez and Yárnoz, 2016) and low thrust has been considered to design retrieval trajectories (Mingotti et al., 2014; Tang and Jiang, 2016) .
Meanwhile, work on low-energy transfers between Sun-Earth LPOs and NEAs has also been undertaken. The Sun-Earth L2 point is regarded as an important gateway for NEA and Mars exploration missions (Farquhar et al., 2004) . For low-energy crewed exploration of NEAs, Zimmer (2013) proposed to employ a reusable spacecraft that is stationed on a halo orbit at the Sun-Earth L1 or L2 point for such missions. A perturbation method has been proposed to search for possible flyby opportunities between Sun-Earth Lissajous orbits and the asteroids Toutatis and 2010 JK1. The method then calculates low-energy transfers between the Lissajous orbit and the asteroids (Wang et al., 2013) . Then Gao NASA has also proposed a near-Earth asteroid redirect mission (ARM) to capture and return an NEA (or part of an NEA) to the Earth-Moon system and place it into a distant retrograde orbit around the Moon (Brophy et al., 2012) .
Gravity assists have also played a significant role in interplanetary mission design and deep space exploration. The concept of the gravity assist was proposed by Minovitch after he developed the patched conic method and accordingly it was used to design a range of low-cost interplanetary trajectories (Minovitch, 2010) . Gravity assists can provide extended opportunities for interplanetary exploration, including NEA missions. Earth Gravity Assists (EGAs) were investigated to reduce the launch energy and the total cost of two-impulse transfer trajectories to NEAs (Qiao et al., 2006) . EGA is also utilized to reduce the total cost of transporting a small asteroid to impact a larger hazardous asteroid (Eismont et al., 2013) . Moreover, Mars gravity assists and solar electric propulsion were applied to design low-cost transfer trajectories to the main belt asteroids (Casalino and Colasurdo, 2003) and it has been shown that Mars is the most useful gravity-assist body for main-belt asteroid exploration through the utilization of Tisserand graphs (Chen et al., 2014) . Multiple gravity assists (MGAs) based on a hybrid approach were applied to design interplanetary transfers both to the asteroids and comets (Vasile and Pascale, 2006) . MGAs can be also used to design transfer trajectories between an NEA and a main-belt asteroid . As for asteroid capture missions, a lunar flyby was used to capture an 4 NEA temporarily into the Earth's Hill region (Gong and Li, 2015) . Gravity assists were also investigated to capture NEAs into bound orbits around the Earth (Bao et al., 2015) .
Low energy trajectory design in multi-body environments is a rich and active research area which focuses on various classes of orbit design problems. As noted earlier, the utilization of periodic orbits and their associated invariant manifolds, to design low-energy trajectories in multi-body systems, has been a topic of particular interest in recent years (Folta et al., 2012; Pavlak, 2013) . Weak Stability Boundary (WSB) theory has also been proposed and developed to design low energy Earth-Moon transfers (Belbruno and Miller, 1993) . To design transfer trajectories in multi-body environments, efficient mathematical tools are necessary, including the shooting method and Poincaré maps. Since the multiple shooting method can significantly reduce the dynamical sensitivities of the trajectories associated with LPOs, it has been studied extensively to obtain solutions of the boundary value problems (BVP) in the CRTBP (Keller, 1976; Grebow, 2010) . Moreover, the Poincaré map that employs common hyper-plane definitions in a rotating reference frame can be used to transform a continuous time system to a discrete time dynamical system. A variety of map formulations are possible in the CRTBP and Hill's problem, including the periapsis map (Villac and Scheeres, 2003; Howell et al., 2011) which will be used later.
The strategy of coupling together a flyby of the Earth and capturing NEAs onto SunEarth L1/L2 periodic orbits is now proposed. The dynamical model of the CRTBP is firstly introduced to calculate Lyapunov orbits around the Sun-Earth L1/L2 points and their associated stable manifolds. Then, according to the height of the flyby orbit at perigee, two types of the Earth flyby are determined, an Earth flyby with and without high altitude aerobraking. A grazing flyby is used, but it is assumed that only small bodies which would safely ablate in the Earth's atmosphere at lower altitudes are considered for aerobraking.
After selecting appropriate candidate NEAs and calculating the NEA capture window, a detailed design procedure is presented and finally global optimization is carried out.
Meanwhile, the NEA capture strategy without an Earth flyby is investigated and results then obtained. Comparing the results of NEA capture strategies with and without the Earth flyby, the NEA capture strategy using an Earth flyby with and without aerobraking both have the potential to be cheaper. Moreover, these NEA capture strategies using an Earth flyby also have the potential to be save flight time.
Dynamical model

Circular Restricted Three-Body Problem
The Sun and Earth are assumed to be in circular orbits around their common centre-ofmass while the NEA moves under the gravitational attraction of these two primary bodies.
In a coordinate frame xyz with non-dimensional units which is centred at the Sun-Earth barycentre and rotating synchronously with the primaries, shown in Fig. 1 , the Sun and Earth are located at [μ, 0, 0] T and [1μ, 0, 0] T , respectively. Therefore, the model of the circular restricted three-body problem (CRTBP) is introduced to describe the motion of an NEA as follows (Szebehely, 1967) 2 , 2 ,
where 22 12 11 ( , , , ) [( The CRTBP system is autonomous and so there exists an integral of motion in the CRTBP, termed the Jacobi constant J, as follows
For the CRTBP, there are also five Lagrange points, also known as the libration points,
Li, (i = 1, 2 . . . 5). The mass parameter assumed for this model is μ = 3.036  10 -6 (Koon et al., 2011) . In this paper, the collinear libration points L1 and L2 are the target libration points for the captured NEAs. 
Lyapunov orbits and invariant manifolds
There exist numerous periodic solutions to the CRTBP problem and so numerical algorithms have been proposed to determine these periodic orbits (Richardson, 1980; Gómez, 2001; Henon, 2003) . In this paper, the planar Lyapunov orbits are investigated as the target periodic orbits for the captured NEAs. Families of periodic orbits with different Jacobi constants can be obtained by using differential correction, based on the initial states which are estimated by means of the Richardson third-order approximation (Richardson, 1980) , as shown in Fig. 2 . Fig. 3 .
A Poincaré map can transform a continuous time dynamical system to a discrete time dynamical system. To obtain the state of the perigee of the Earth flyby orbit, we use the periapsis map as a Poincaré map (Villac and Scheeres, 2003; Howell et al., 2011) . The periapsis map is defined by the following condition
The periapsis map of the stable manifolds associated with the Sun-Earth L1/L2 Lyapunov orbits can be obtained by propagating the stable manifolds backward until they cross the section defined by Eq. (3). An example of the periapsis map of the stable manifolds associated with a Sun-Earth L2 Lyapunov orbit is shown in Fig. 3 . In this paper, the aerobraking manoeuvre, or an additional propulsive manoeuvre, is assumed to occur at the perigee of the Earth flyby orbit where the state of the perigee of the flyby orbit can be determined by the periapsis condition defined by Eq. (3). 
Coordinate transformation
As shown in Fig. 1 , the direction of the Earth with respect to the Sun-Earth barycentre in the inertial frame XYZ is described by the angle , measured from the x-axis. We denote the states of the Sun-Earth L1/L2 stable manifolds at the periapsis map in the Sun-centred inertial frame and in the Sun-Earth rotating frame by in S S and ro SE S respectively. Thus, we have 
In the following sections, Eq. (4) will be used to transform the state of the candidate NEA in the Sun-centred inertial frame to the Sun-Earth rotating frame. Moreover, Eq. (5) will be used to transform the state of the NEA at the aerobraking manoeuvre in the Earthcentred inertial frame to the Sun-Earth rotating frame. Consequently, the dynamical model of the aerobraking manoeuvre in the Sun-Earth rotating frame can be obtained.
Strategies for Earth flyby
During the flyby of the Earth, the Earth's atmosphere may provide opportunities for a grazing aerobraking manoeuvre to move the NEA onto the stable manifold of the SunEarth L1 or L2 periodic orbits. However, issues associated with the precision of the aerobraking required for subsequent injection onto the stable manifold are not considered here. However, for a small NEA the body may in principle be actively guided by a carrier spacecraft (Brophy et al., 2012) , with the carrier spacecraft remaining attached to, and shielded, by the NEA during the aerobraking manoeuvre. Therefore, there will exist two types of Earth flyby, i.e. with and without the aerobraking manoeuvre, corresponding to a low or high altitude flyby orbit at perigee. In practice only small bodies would be considered to mitigate impact risks and so we envisage targeting NEAs which would completely ablate in the Earth's atmosphere at low altitude in the event of a failure prior to or during the aerobraking pass (Vasile and Colombo, 2008) .
The trajectory of the captured NEA in the Earth's atmosphere can be modelled by means of a Keplerian orbit. Thus, assuming that the NEA remains in the Earth's atmosphere for a small arc of true anomaly close to pericentre and the ablative mass loss of the NEA is small, an approximation for the v imparted to the NEA through aerobraking can be obtained. The model assumes an exponential atmospheric model and quadratic drag as developed by (Heppenheimer, 1971; and used by (Heppenheimer, 1971; 
where p v is the relative velocity of the NEA at perigee with respect to the Earth and
is the NEA ballistic coefficient, where Cd is the drag coefficient of a sphere, assumed to be 0.47 ; A/M is the area-to-mass ratio of the NEA; rp is the perigee radius of the flyby orbit from the centre of the Earth and e is the eccentricity of the flyby orbit; Hs is the atmosphere scale height. Assuming that the NEA is a spherical with density a = 2600 kg/m 3 (Chesley et al., 2002) , the NEA ballistic coefficient can be written
where D is the diameter of the NEA.
Many density models of the Earth's atmosphere have been developed, including the Standard Atmosphere, USSA76 and COSPAR International Reference Atmosphere.
However, one of the simplest models is the exponential atmospheric model (Vallado, 2007) . In this model, it is assumed that the density of the atmosphere deceases exponentially from the Earth's surface and so can be written as
where 0 = 1.225 kg/m 3 is the density of the Earth's atmosphere at the surface and Hs = 7.249 km is the scale height (Vallado, 2007) .
From Fig. 4 , we note that once the height h at perigee above the Earth's surface is larger than approximately 100 km, the Earth's atmosphere can be assumed not to provide an aerobraking manoeuvre. Therefore, we define hthreshold = 100 km as the height threshold for aerobraking, or rthreshold = 6478 km (rEarth + 100 km) as the distance threshold for aerobraking, where rEarth = 6378 km is the radius of the Earth. 
NEA capture opportunities
Candidate NEA selection
To obtain possible capture opportunities for NEAs, the JPL Small Body Database 2 is used. This database represents the current catalogued NEAs, including their orbital elements and estimated size.
To capture NEAs with low energy, it is necessary to remove those NEAs with a high inclination and a semi-major axis far from that of the Earth's. Therefore, those NEAs with a semi-major axis in the range 0.85-1.15 AU are considered to be candidates which can be captured into the vicinity of the Earth with a relatively low energy .
Furthermore, the Jacobi constant J of the NEA can be approximated by the Tisserand parameter as follows
where a, e and i are the semi-major axis (in AU), eccentricity and inclination of the NEA orbit. If an NEA's Jacobi constant is significantly different from that of the final periodic orbit, it may have too high a total cost for capture (Sánchez and Yárnoz, 2016) . It should therefore be possible to achieve low energy capture with a Jacobi constant close to the Jacobi constant of the target periodic orbit. Therefore, here we set J = 2.99 as the critical value. Those NEAs with J  2.99 are then considered to be candidate NEAs.
However, a captured NEA using an Earth flyby may present a collision risk, as noted above. Therefore, we only consider those NEAs with a diameter less than 40 m since this is considered to be the critical threshold above which the Earth's atmosphere will no longer disintegrate a NEA (Vasile and Colombo, 2008) . Here it is assumed that the NEA is 
where H is absolute magnitude of the NEA and pv is its albedo. Here we assume that the NEAs are typical and thus have a density ρa = 2600 kg/m 3 and albedo pv = 0.154 (Chesley et al., 2002 
NEA capture window
For each of these candidate NEAs, feasible capture dates are assumed to be in the interval 2018-2050 (or 58119 MJD -70171 MJD). It is assumed that the NEA orbital elements remain unchanged until they have a close approach to the Earth. We define this time period during which the NEA orbital elements are valid as the NEA capture window.
In this paper, it is assumed that the upper limit of the NEA capture window is the date when the distance of the candidate NEA to the Earth is 0.21 AU where the gravitational attraction of the Earth is then considered small enough with respect to the gravity of the Sun (the ratio of Earth's and Sun's gravity is then less than 10 -4 ). Denoting the date when the NEA has a distance to the Earth of 0.21 AU as Tthreshold (Tthreshold  2050), the capture window of a candidate NEA is then [2018, ] threshold T , shown in Fig. 6 . 
NEA capture using Earth flyby without aerobraking
Problem statement
In this capture strategy, a flyby of the Earth without aerobraking is used. The candidate NEA leaves its orbit with an impulse manoeuvre and approaches the vicinity of the Earth for the flyby. At the perigee of the flyby, an additional manoeuvre is imposed on the candidate NEA. This is because a manoeuvre at perigee can represent the most effective way to achieve the outgoing flyby orbit (Ceriotti, 2010) . Finally, the NEA moves onto the stable manifold of a target periodic orbit around the Sun-Earth L1 or L2 points and will be asymptotically captured onto it. In this scenario, a manoeuvring spacecraft is first assumed to be attached to the target NEA before the first manoeuvre and will then stay attached to the NEA for the entire mission. All the propulsive manoeuvres will be provided by the manoeuvring spacecraft. It should be noted that the entire transfer trajectory is modelled in the Sun-Earth CRTBP. Figure 7 shows a schematic of the NEA capture strategy using an Earth flyby without aerobraking. The basic concept of the NEA capture strategy is though the following steps:
(1) With an initial manoeuvre v1, the candidate NEA leaves its initial orbit and its motion can then be described by the Sun-Earth CRTBP, shown in Fig. 7 (a);
(2) With a second manoeuvre v2, the NEA approaches the vicinity of the Earth and then reaches perigee, shown in Fig. 7(b) ; (3) At the perigee, a third manoeuvre v3, which is parallel to the NEA's current velocity vector, is applied to the NEA and the NEA then moves onto the stable manifold of a SunEarth L1 or L2 periodic orbit and so will asymptotically transfer onto it, shown in Fig. 7(b) .
The total cost of capturing an NEA onto the target periodic orbit around the Sun-Earth L1 or L2 points can then be written as
Therefore, for each candidate NEA, six parameters can determine the NEA capture manoeuvre using an Earth flyby without aerobraking, as defined in Fig. 7 and described as follows: (1) 
where  is the 66  state transition matrix of the CRTBP.
A heliocentric Sun-centered two-body Lambert arc with two impulsive manoeuvres can be used to provide an initial guess, where the first impulse is applied and the asteroid transfers to the Sun-Earth stable manifolds. The differential correction defined by Eq. (14) uses this initial guess and then the correction is repeated until
approaches 0, within some small tolerance.
Design Procedure
The process of designing the transfer trajectory to capture the candidate NEA using an
Earth flyby without aerobraking is as follows:
(1) Select one target NEA in the candidate catalogue (e.g. 2010UJ) in Fig. 5; (2) Given the Jacobi constant J and the parameter tp, the stable manifold associated with the final periodic orbit is propagated backward with a given propagation time (e.g. 200 days); the perigee where the third manoeuvre v3 is applied to the NEA can then be determined, corresponding to the perigee along the stable manifold with the closest distance to the Earth and a height above the Earth's surface larger than 100 km. Then, the
&&& at perigee is obtained, shown in Fig. 8; (3) Given the value of the third manoeuvre v3 at perigee, the state before the third manoeuvre is [ , , , Sf is obtained, shown in Fig. 9 ; (5) Given a departure date T0, the transformation of the initial state of the candidate NEA in the Sun-centred inertial frame to the Sun-Earth rotating frame Si is then obtained; (6) Given the flight time Tfly1, the Lambert arc in the Sun-centered two-body problem is utilized to design the transfer to the stable manifold from the candidate asteroid's orbit and so the first impulse can be estimated; based on the initial guess of the first impulse, the differential correction method in Eq. (14) is then applied to design the transfer between the candidates NEA's initial orbit Si and the target point Sf. Thus, the manoeuvres v1 and v2 can be calculated.
The total cost of capturing the NEA onto a Sun-Earth L1/L2 periodic orbit using the Earth flyby can then be obtained, where the entire transfer trajectory is shown in Fig. 10 and Fig. 11 . 
Optimization
For each of these candidate NEAs, feasible capture transfers with capture dates in the interval 2018-Tthreshold were obtained. Then, for each candidate NEA, there are 6 parameters, so the problem can be defined with the following variables: departure date T0, flight time Tfly1, flight time Tfly2, the Jacobi constant J of the target Lyapunov orbit, a variable tp associated with the state on the target orbit where the stable manifold is integrated from and the value of the third manoeuvre v3 that is parallel to the velocity vector of the NEA at perigee of the flyby orbit. As the objective function for this optimization problem, the total cost v can be minimised by optimizing over these 6 parameters (T0, Tfly1, Tfly2, J, tp, v3) using NSGA-II, a global optimisation method that uses a non-dominated sorting-based multi-objective evolutionary algorithm (Deb et al., 2002) .
Then transfers obtained with NSGA-II can be locally optimized with sequential quadratic programming (SQP), implemented in the function fmincon in MATLAB. The optimal results of NEA capture using the Earth flyby without aerobraking are shown in Table 1 . 
Comparison of the results of NEA capture with and without Earth flyby
According to the work of and Sánchez and Yárnoz (2016) , a candidate NEA can be captured directly from its orbit to the stable manifold of the target Sun-Earth L1/L2 periodic orbit. The candidate NEA is first assumed to leave its orbit with an initial manoeuvre and then will move onto the stable manifold of the Sun-Earth L1/L2 periodic orbit with a second manoeuvre. These two manoeuvres can be calculated by solving a Lambert arc between the NEA orbit and the stable manifold in the Sun-inertial two-body problem. Finally, once the NEA moves onto the stable manifold, it will then transfer to the target periodic orbit without any further manoeuvres. In this work, to avoid Table 1 . Therefore, the optimal results of NEA capture without Earth flyby are also listed in Table 2 .
Comparing the results of Table 1 and Table 2 , we can note that the NEA capture strategy using an Earth flyby has the potential to be cheaper in terms of v than the capture relatively high velocity and thus we have limited time to apply the third manoeuvre to the NEA at the perigee of the flyby orbit. Therefore, in principle a high thrust engine would be required to achieve the third manoeuvre in a realistic mission scenario. 
NEAs capture using aerobraking
In this capture strategy using aerobraking, the candidate NEA is firstly assumed to leave its orbit with an impulse manoeuvre and approach the vicinity of the Earth for a single aerobraking pass. During the flyby of the Earth, the Earth's atmosphere provides drag to modify the NEA orbit without the use of propellant. Again, after the flyby of the Earth, the candidate NEA moves onto the stable manifold of a periodic orbit around the Sun-Earth L1 or L2 points. Figure 13 shows the new concept of NEA capture using aerobraking as follows:
Problem statement
(1) With a first manoeuvre v1, the candidate NEA departs from its initial orbit and its motion can be described by the Sun-Earth CRTBP, shown in Fig. 13(a) ;
(2) With a second manoeuvre v2, the NEA approaches the vicinity of the Earth and accordingly it reaches perigee; (3) An aerobraking manoeuvre is applied to the candidate NEA and then the NEA moves onto the stable manifold of a Lyapunov orbit around the Sun-Earth L1 or L2 points and will finally be captured, shown in Fig. 13(b) .
The total cost of capturing the candidate NEA onto the target periodic orbit around the Sun-Earth L1 or L2 points can then be written as where Tp is the period of the final Lyapunov orbit.
Aerobraking phase
Assuming that the states of the candidate NEA before and after aerobraking in the 
where
x y z  p+ r and e-is the eccentricity of the flyby orbit before aerobraking.
Here we assume that aerobraking only provides a limited manoeuvre and thus e- e+ where e+ is the eccentricity of the flyby orbit after aerobraking. Therefore, the velocity before aerobraking can be guessed as 
The accurate value of the velocity Vp-before aerobraking can then be obtained through Newton's method based on the initial guess in Eq. (18).
It is assumed that the states of the candidate NEA before and after aerobraking in the Sun-Earth rotating frame are then [ , , , , , ] 
Therefore, the state of the captured NEA at perigee before the aerobraking phase in the Sun-Earth rotating frame can be estimated by the state of the NEA after aerobraking in the Sun-Earth rotating frame using the Eq. (25).
Aerobraking window
As noted earlier, the Earth's atmosphere can provide an aerobraking manoeuvre only when the height of the perigee of the flyby orbit is low enough (hthreshold = 100 km or rthreshold = 6478 km). However, for a Lyapunov orbit, only a few stable manifolds can meet such a requirement, shown in Fig. 14(a) . To determine the set of stable manifold trajectories whose perigee is lower than the distance threshold for aerobraking (rthreshold = 25 the parameter tp is obtained, shown in Fig. 14(b) . Therefore, we define the set of tp which determines the perigee distance of the stable manifold to the centre of the Earth in the interval [rEarth, rthreshold] as the aerobraking window. As shown in Fig. 14(b 
Design Procedure and Optimization
The process of designing the transfer trajectory for NEA capture using aerobraking is similar to Section 5.3 and is as follows:
(1) Select one target NEA in the candidate catalogue (e.g. 2009UJ) in Fig. 5; (2) Given the Jacobi constant J and tp at the aerobraking window, which is obtained in Section 6.2, the stable manifold associated with the periodic orbit is propagated backward until it reaches the perigee and then the state [ , , , , , ] Sf is obtained, shown in Fig. 16 ; (5) Given a departure date T0, transform the initial state of the candidate NEA in the Suncentred inertial frame to the Sun-Earth rotating frame so that Si is then obtained; (6) Given the flight time Tfly1, Eq. (14) is then applied to design the transfer between the candidate NEA's initial orbit Si and the target points Sf. Thus, the manoeuvres v1 and v2 can be calculated.
Then, the total cost of capturing the NEA onto the target Sun-Earth L1 or L2 periodic orbit with aerobraking can be obtained by using Eq. (15). The transfer trajectory is shown in Fig. 17 and Fig. 18 . The 5 parameters (T0, Tfly1, Tfly2, J, tp) associated with the transfers from the candidate NEA initial orbit to the stable manifold can be optimised using NSGA-II, again using the total cost v as the objective function. The optimal results of capturing NEAs onto the Sun-Earth L1 and L2 Lyapunov orbits are shown in Table 3 .
Comparing the results of Table 2 and Table 3 , we find that aerobraking can save energy and so the capture strategy has the potential to be cheaper than the NEA capture strategy without a flyby. Moreover, the NEA capture strategy using aerobraking also has the potential to require a shorter flight time, as does the capture strategy using the Earth flyby without aerobraking. Moreover, comparing the results in Table 1 and Table 3 , we find that aerobraking can provide a manoeuvre which can help to achieve cheaper NEA capture than the strategy using the Earth flyby without aerobraking, e.g. 2006UQ216, 2011BQ50 and 2010UJ, et al. However , for the practical implementation of the NEA capture strategy using aerobraking, it is necessary to take into account the real ephemeris model and a more accurate atmosphere model. The preliminary results in this paper can serve as approximations for such real missions. Considering the sensitivity of the transfer trajectory in the Sun-Earth CRTBP, especially the aerobraking phase, an accurate navigation and control strategy would be required to guarantee that the fly-by of the candidate NEA is at required altitude in order to obtain the required aerobraking manoeuvre. For example, the drag-modulation flight control method (Putnam and Braun, 2013) and the blended control, predictor-corrector guidance algorithm (Jits and Walberg, 2004 ) may provide feasible solutions for the asteroid capture mission using aerobraking. Again, the carrier spacecraft is envisaged as remaining attached to, and shielded, by the NEA during the aerobraking manoeuvre to deliver active control.
Assuming that a high thrust engine of specific impulse (Isp) 300 s is utilized to capture candidate asteroids, the required propellant mass of the spacecraft is appended for each trajectory in Tables 1-3 . Here we assume that a spacecraft of 5500 kg dry mass and 8100 kg of propellant is already at the NEA encounter, an example from the Keck study report for asteroid retrieval (Brophy et al., 2012) . Then we set 8100 kg as the threshold of the required propellant mass to investigate the possibility of capturing asteroids with current technology. From Table 3 , we find that 2014AA, 2014WE6, 2014WX202 can be captured onto Sun-Earth L1/L2 Lyapunov orbits with a propellant mass of less than 8100 kg. On the other hand, if a low-thrust engine of higher specific impulse (e.g., 3000 s) can be utilized to capture these asteroids, the required propellant mass would be approximately one-tenth that of the high-thrust case, and thus many more asteroids could be captured, e.g.
2007UN12, 2008UA202 and 2012WR10. Furthermore, for those asteroids which cannot be captured even with a low-thrust engine of much higher specific impulse, the possibility of capturing a segment from such asteroids would be also of scientific and technological interest. 
Extension to the full Ephemeris Model
In a real mission of capturing asteroids around the Sun-Earth libration points, the perturbations, including the eccentricity and inclination of the Earth's orbit around the Sun, the Moon's gravity should be considered. Here a Sun-centered J2000 inertial frame is utilized to describe the motion of captured asteroids in the full ephemeris dynamical model.
The position and velocity vector of each body are obtained from the DE421 ephemerides (Folkner et al., 2008) . Therefore, the equation of motion of the captured asteroid in the Sun-centered inertial frame can be written as respectively, the position vector and velocity vector of the stable manifold's initial state in the Sun-centered J2000 inertial frame can be calculated as follows (Kolemen et al., 2012) , ( Then the stable manifold's initial state in the Sun-centered J2000 inertial frame is propagated backwards until it reaches perigee. At perigee, the state of the captured asteroid before aerobraking can then be calculated, as stated in Section 6.2. Moreover, the state before aerobraking will be propagated backwards in the full ephemeris dynamical model with a given flight time and then the target point obtained. Therefore, the total cost of capturing an asteroid can be calculated by solving the Lambert arc between the asteroid's orbit and the target periodic orbit in the full ephemeris dynamical model. According to the design procedure stated above, an example of capturing 2010UJ onto Sun-Earth L2
Lyapunov orbits in the full ephemeris dynamical model is investigated and the transfer trajectory for capture is shown in Fig. 19 . The total cost of capturing 2010UJ is v = 379.42 m/s when the epoch T0 = 59100.3 MJD, the total flight time Tfly = 665.9 days and the Jacobi constant of the Lyapunov orbit is J = 3.00076653. The results of capturing 2010UJ in the full ephemeris dynamical model and in the Sun-Earth CRTBP model are slightly different. The total cost of capturing this asteroid in the full ephemeris dynamical model is about 17% more than that in the Sun-Earth CRTBP model. However, the SunEarth CRTBP is still a good first-order approximation to the real Solar System dynamics (Kolemen et al., 2012) . Furthermore, the family of candidate asteroids which can be captured with low cost in the Sun-Earth CRTBP model are not expected to change and thus they can also serve as candidate asteroids which can be captured with low cost in the full ephemeris dynamical model. 
Conclusions
The possibility of capturing small NEAs using low energy transfers would in principle be of significant scientific and commercial interest. Although NEAs may make close approaches to the Earth, and so represent a potential impact threat, the exploitation of their resources has long been proposed as a necessary element for future space exploration.
As an ideal location for space science, and a staging node for interplanetary missions in the future, the Sun-Earth L1/L2 libration points are likely to play an important role for future space exploration. Therefore, capturing asteroids onto periodic orbits around the Sun-Earth L1/L2 points is of particular interest. A strategy to couple a flyby of the Earth to stable manifolds to capture NEAs onto Sun-Earth L1/L2 periodic orbits has been proposed.
In this capture strategy the candidate NEA is first assumed to leave its orbit with an impulse manoeuvre and will then approach the vicinity of the Earth for the flyby. During the flyby, the Earth's atmosphere may also provide an aerobraking manoeuvre. If not, a propulsive manoeuvre is required at the perigee of the flyby. After the flyby of the Earth, the candidate NEA inserts onto the stable manifold associated with a periodic orbit around the Sun-Earth L1 or L2 points and will be asymptotically captured onto it.
Comparing the results of two methods, it is found that NEA capture strategies using an Earth flyby with and without the aerobraking both have the potential to be cheaper (in terms of v) than direct stable manifold capture. Besides, due to the fact that direct capture without a flyby requires significant additional time to move along the stable manifolds of the Sun-Earth L1/L2 periodic orbits, NEA capture strategies using Earth flyby also have the potential to save flight time.
